Xenotropic murine leukemia viruses (MuLV's) are of particular interest for their putative parental role in the formation of recombinant viruses, which include the mink cell focus-inducing viruses (4, 9) and the B-tropic MuLV's (1, 6) . Both of these classes of MuLV appear to be formed by the recombination of endogenous ecotropic and endogenous xenotropic MuLV genomes (1, 3, 9) . Studies with endogenous xenotropic viruses have been hindered by the low titers of virus preparations from chronic MuLV-producing cells in culture (8) . In general, these titers are 1/100 the titers that are obtained with Moloney MuLV (11) , which is extensively used for studies of MuLV's. With previously published techniques (2, 7, 11) , I have found that it is difficult to isolate the requisite xenotropic MuLV unintegrated proviral DNA for restriction endonuclease mapping and molecular cloning studies. In view of this problem, a more efficient procedure was sought for the production of unintegrated proviral DNA. In this report, the production of unintegrated proviral DNA by cocultivation of MuLVproducing cells and homologous uninfected cells is described. The procedure is simple and yields at least a 10-fold increase in linear provirus formation and greater than a 30-fold increase in superhelical DNA as compared with previously published techniques.
Most of this study was done with an AKR xenotropic virus (AKR 6) which was isolated from an AKR thymus by cocultivation with mink cells in Janet Hartley's laboratory (National Institutes of Health). The virus was propagated on mink lung cells, which yielded approximately 5 x 104 focus-forming units per ml in the xenotropic MuLV S+L-assay (8) . After infection of mink cells, the unintegrated proviral DNA was isolated as described by Hirt (5) To improve the yield of unintegrated xenotropic proviral DNA, the feasibility of using cocultivation to enhance provirus production was investigated. Preliminary studies demonstrated that linear and superhelical proviral DNAs were formed during cocultivation ofvirusproducing (chronically infected) and nonproducing (uninfected) mink cells. To determine the optimal conditions for provirus formation, a number of parameters that might affect this production were investigated. Mixtures (14) . Figure 1B shows the production of proviral DNA at various seeding ratios of producing and nonproducing cells, but at a constant cell number. The optimal cell ratio for provirus production was 3:1 (nonproducing/producing); however, at a ratio of 1: 1, nearly the maximum level of provirus was observed. In contrast, an excess of producing cells resulted in much less proviral DNA. At each cell ratio, the proportion of linear and superhelical DNAs appeared to be constant, with about a 10-to 20-fold excess of linear DNA.
At a 1:1 cell ratio, the effect of total cell concentration on provirus formation was also examined (Fig. 2B) . As the number of seeded cells increased from 2.5 x 106 to 2 x 107, the amounts of superhelical and linear DNAs also increased markedly. Since mink cells grew to a maximum density of 4 x 107 cells per 150-mm plate, seeding at the maximum number resulted in a confluent culture after 24 h.
The effect of time on linear and superhelical proviral DNA syntheses was examined (107 cells at a 1:1 cell ratio). A detailed time study ( Fig.  2A) revealed that the level of provirus reached a maximum at 48 and 72 h. The apparent decrease in proviral DNA at 24 h was not reproducible. However, even after 72 h, these maximum levels were lower than those obtained after plating higher cell numbers (Fig. 3A) . With a higher initial number of cells (2 x 107 cells at a 3:1 ratio), the level of proviral DNA increased up to 72 h, and at 96 h, which is two days after cell confluency, the amount of provirus was less than the level at 72 h. Moreover, at 72 h, the amount of superhelical DNA increased dramatically as compared with the amount at 24 h (Fig.  3A) . This phenomenon can also be seen in the time study in Fig. 2B . Because of the semiquantitative nature of the blotting assay, it was difficult to estimate the actual increase in superhelical DNA. However, an analysis of dilutions of these samples suggests that at 72 h approximately 50% of the total proviral DNA was superhelical. Whereas the increase of superhelical DNA was fivefold from 24 to 72 h, the level of linear DNA remained apparently unchanged.
Polybrene and DEAE-dextran have been used to enhance infection by virus particles (8) . Because of the toxic effect of DEAE-dextran on most cell lines, Polybrene is generally the preferred polycation. I therefore examined the effect of omitting Polybrene from the cocultivation at various cell densities (Fig. 2B) . In each case, the absence of Polybrene resulted in a greatly reduced yield of proviral DNA. Thus, as with the standard infection procedure, Polybrene also appears to enhance infection and therefore provirus production during cocultivation.
A number of other MuLV isolates have also been tested for provirus production by cocultivation under optimal conditions. Xenotropic MuLV isolates obtained from NFS, NZB, and BALB/c mice and propagated on mink cells also yielded much more provirus by cocultivation than by standard infection techniques (Fig. 3B) . Although cocultivation of mink (NZB MuLV) cells and mink (BALB/c MuLV) cells with uninfected mink cells produced much less total proviral DNA than with the AKR virus, the relative proportion of superhelical DNA was approximately 25 to 50%. In addition, an AKR ecotropic MuLV which was propagated on NIH 3T3 cells yielded greater than a 10-fold increase in provirus by cocultivation of chronically producing cells with NIH 3T3 cells (Fig. 3B) . Thus, cocultivation can be used efficiently for the production of endogenous MuLV proviral DNA. I have not yet tested isolates of exogenous MuLV, such as Moloney MuLV, which are produced in very high titers. Figure 3A shows the dramatic increase in proviral DNA production by cocultivation as compared with infection with virus-containing medium. It was estimated that there was at least a 10-fold increase in linear DNA and greater than a 30-fold increase in superhelical DNA. Although the mechanism of this enhanced provirus production by cocultivation is not known, it seems reasonable to assume that cell-to-cell contact of producer and recipient cells increases the efficiency of infection. One of the more interesting findings from this study was the observation that the level of superhelical DNA reached a maximum after 72 h of cocultivation, whereas the linear provirus reached maximum levels after only 48 h. Since mink cells are confluent after 24 h (2 x 107 cells), superhelical DNA apparently continues to be formed without active cell division.
These findings demonstrate that cocultivation is an efficient method for provirus production. Restriction maps of linear proviral DNA prepared by cocultivation appear to be identical to the maps of proviral DNA that was prepared by infection with virus-containing medium. This technique should be of great value for the isolation of the requisite superhelical and linear proviral DNAs that are needed for characterization and cloning of the xenotropic viral genomes and other retroviral genomes.
Recently, we cloned in bacteriophage lambda DNA the AKR xenotropic MuLV superhelical proviral DNA, which was prepared by cocultivation (72 h). Of the five isolates that were examined, four have restriction endonuclease maps that are identical to the linear provirus map. One clonal isolate, however, contains an inversion of 2.5 kbp in the env gene region that is flanked by terminal repeat sequences (D. R. Joseph, manuscript in preparation). This inversion appears to be similar to the recombinant Moloney MuLV DNA that was recently described by Shoemaker et al. (10) . In their study, 
